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Abstract 

After discovery of the Higgs boson at CERN the Standard Model 
acquired a status of the theory of the elementary particles in the elec- 
troweak range (up to about 300 GeV). What general conclusions can 
be inferred from the Standard Model? It looks that the Standard 
Model teaches us that in the framework of such general principles 
as local gauge symmetry, unification of weak and electromagnetic in¬ 
teractions and Brout-Englert-Higgs spontaneous breaking of the elec- 
troweak symmetry nature chooses the simplest possibilities. Two- 
component left-handed massless neutrino fields play crucial role in 
the determination of the charged current structure of the Standard 
Model. The absence of the right-handed neutrino fields in the Stan¬ 
dard Model is the simplest, most economical possibility. In such a 
scenario Majorana mass term is the only possibility for neutrinos to 
be massive and mixed. Such mass term is generated by the lepton- 
number violating Weinberg effective Lagrangian. In this approach 
three Majorana neutrino masses are suppressed with respect to the 
masses of other fundamental fermions by the ratio of the electroweak 
scale and a scale of a lepton-number violating physics. The discovery 
of the neutrinoless double /S-decay and absence of transitions of flavor 
neutrinos into sterile states would be evidence in favor of the minimal 
scenario we advocate here. 


1 Introduction 

The discovery of neutrino oscillations in the atmospheric Super-Kamiokande 
experiment [1] in the SNO |2] and other solar neutrino experiments [3iiaE] 
and in the long-baseline reactor KamLAND experiment [6] is one of the most 
important recent discovery in the particle physics. The phenomenon of the 
neutrino oscillations was further investigated in the long-baseline accelerator 
K2K [7], MINOS |8] and T2K |9] experiments in the reactor experiments 
Daya Bay [10], RENO [H] and Double Chooz [12] and in the solar BOREX- 
INO experiment na. 
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Neutrino oscillation results imply that flavor neutrino flelds vil{x) (/ = 
e, p, r) are ’’mixtures” of the left-handed components of the flelds of neutrinos 
with definite masses 

3 

vil{x) = ^ UuUiiix). ( 1 ) 

i=l 

Here U is unitary PMNS mixing matrix [II EH [16] and Vi{x) is the held of 
neutrino (Majorana or Dirac) with mass ruj. Flavor flelds vil{x) enter into 
Standard Model charged current (CC) 

Cfix) = + hx. (2) 

and neutral current (NC) interactions 

(s) 

/ cos uw 

Here 

j^^{x) = 2 ^ yiL{x)'^jL{x) (4) 

l=e,fi,T 

is the leptonic CC and 

ja^ix)= mix)jc,UiL{x) (5) 

l=e^fi^T 

is the neutrino NC, hF"(a;) and Z°'{x) are flelds of and vector bosons, 
g is the electroweak interaction constant and 9w is the weak (Weinberg) 
angle. 

We will consider now briefly phenomenon of neutrino oscillations in vac¬ 
uum (see, for example, reviews [T71 IT8] b In the mixing relation ([1]) quantum 
flelds enter. What about states of the flavor neutrinos z/g, Uj. in the case 
of neutrino mixing? 

Flavor neutrino ui is produced in CC weak decays together with l~^ or 
produces l~ in CC neutrino processes (for example, muon neutrino is 
produced in the decay 7r+ —)■ /i+ -|- z/^ or produces in the process z/^ -|- iV —)■ 
fi~ X, etc.). 

From Heisenberg uncertainty relation follows that in neutrino production 
and detection processes it is impossible to reveal small neutrino mass-squared 
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differences. The state of the flavor neutrino ui is a coherent superposition of 
states of neutrinos with definite masses (see, for example, US]) 

li'i) = (6) 

i 

Here |z/j) is the state of neutrino with mass m*, momentum p and energy 
Ei = ^Jp^ + mf ~ p + ^. 

Small neutrino mass-squared differences can be revealed in neutrino ex¬ 
periments with large distances between a source and detector. For the evo¬ 
lution of the flavor neutrino state we have 

M, = ^ f/,' = 5^ ‘ (7) 

i I' i 

From ([7]) for the probability of vi —)■ vii transition we find the following 
expressions 


P{ui ^ uv) = \6n + UiH - 1 ) ( 8 ) 

i^p 

where p is an arbitrary fixed index. 

For the ultra relativistic neutrino we have t L, where L is the distance 
between a neutrino source and a neutrino detector. From ([8]) it follows that 
neutrino oscillations can be observed if 

AmTL 

(S -E^)t~ > 1, (9) 

where AmT = nif — rn^. The inequality dH]) is the time-energy uncertainly 
relation applied to neutrino oscillations (see USD- 

In more general case of the mixing of three flavor neutrino helds and Ug 
sterile neutrino helds we have 

3+ns 

I'aLix) ='^Uail'iL{x), « = 6,/X, T, Si, ... (10) 

i=l 

For Va —)■ Va' {ha ^a') transition probability we hnd the following expres- 
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Existing neutrino oscillation data are perfectly described if we assume 
three-neutrino mixing. Two neutrino mass spectra are possible in this case: 

1 . Normal Spectrum (NS) 

mi < m 2 < m 3 , (Am^2 = Am|) (Am23 = Am^). (12) 

2 . Inverted Spectrum (IS) 

m3 < mi < m2, (Ami2 = Am|) <C (|Am^3| = Am\). ( 13 ) 

For the normal neutrino mass spectrum from ffTTj) we hnd the following 
expression 

—tW') = ^vi — 4 \Uii\^{8iii — |t/;/ip) sin^ A 5 
-4 \Ui3\^{5i>i - If/z/sHsin^ Aa - 8 Re f/z/3f//3f/p3f/n cos(AaA 5) sin A^sin A5 
=F8 Im Uv3Ui3Ui,iUii sin(AA -h As) sin Aa sin A5, (14) 

where solar and atmospheric neutrino mass-squared differences Am| and 
Am\ are determined by the relation (IT^ and we choose p = 2 . 

In the case of the inverted mass spectrum we choose p = 1 . For the 
transition probability from ffTTll we have 

P^^iyi T^v) = 8i'i — 4 \Ui2\‘^{6iii — |[/;/2p) sin^ A5 

-4 \Ui3\‘^{6in - If/z/sHsin^ Aa - 8 Re f/z/3f//3f/p2t/i2 cos(Aa A5) sin AAsin A5 
±8 Im U113U13U112U12 sin(AA -l- Ag) sin Aa sin Ag ( 15 ) 

where Ag and Aa are determined by flT^ . 
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If neutrinos with definite masses Ui are Dirac particles the 3x3 PMNS 
mixing matrix is characterized by three mixing angles and one CP phase. In 
the standard parametrization it has the following form 

( C13C12 C13S12 

-C23S12 - S23Cl2Sl3e*'^ C23C12 - S23Sl2Sl3e*'^ 

S23-S12 - C23Ci2Si3e*'^ -S23C12 - C23Si2Si3e*'^ 

Here C 12 = cos 6 'i 2 , S 12 = sin 6 'i 2 etc. 

If neutrinos with dehnite masses are Majorana particles, the mixing ma¬ 
trix is given by the expression 


Si3e \ 

C 13 S 23 • (16) 

C13C23 / 


UM ^ jjD 

where S = diag(e*"b 1) is a diagonal phase matrix. From ([ 8 ]) follows 
that Majorana phases ai ,2 do not enter into neutrino transition probabilities 

[ 2 I 1122 ]. 

In the Table I we present values of neutrino oscillation parameters ob¬ 
tained from recent global analysis of the neutrino oscillation data |23j . 

Table I 

The values of neutrino oscillation parameters 


Parameter 

Normal Spectrum 

Inverted Spectrum 

sin^ 6*12 

(T’oQTTtntra 

U.OUU Q Qj ^2 

Q“o7^TtIITT3 

U.OUU Q Q ^2 

sin^ 623 

U.UOZ Q Q28 

n c^7q+u-u25 

U.O(y o,o37 

sin^ 013 

0.0218^--- 


5 (in °) 

(306™) 

(254™) 

Arrig 

(T.SOl^-j?) • 10-^ eV" 

(7.50l^;j?) ■ 10-5 eV" 

Am\ 

(2.457+^'^|^) • 10 -" eV" 

(2.4491^-^^?) • 10-" eV" 


As we see from this Table, existing neutrino oscillation data do not allow to 
distinguish normal and inverted neutrino mass spectra. Neutrino oscillation 
parameters are known at present with accuracies from about 3 % (Am|^) 
to about 10 % (sin^ 6 ' 23 ). 

Neutrino oscillation data allow to determine only neutrino mass-squared 
differences. Absolute values of the neutrino masses at present are unknown. 
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From the measurement of the high-energy part of the /9-spectrum of tritium 
in Mainz [21] and Troitsk [21] experiments it was found, respectively, 

mp < 2.3 eV (Mainz) mp < 2.05 eV (Troitsk) (18) 

Here mp = (^- If/eipm^)^/^. 

From the recent results of the Planck and other cosmological measure¬ 
ments for the sum of the neutrino masses it was obtained the following bound 

ra 

^mi<0.23eV. (19) 

i 

From these bounds it follows that neutrino masses are much smaller than 
masses of other fundamental fermions (leptons and quarks). By this reason 
it is unlikely that neutrino masses are of the same Standard Model Higgs 
origin as masses of quarks and leptons. Small neutrino masses are commonly 
considered as a signature of a beyond the Standard Model physics. However, 
at present a mechanism of a generation of neutrino masses and neutrino 
mixing is unknown. In this introductory section we will briefly consider 
general possibilities for neutrino masses and mixing (see reviews imiiH]). 

Masses and mixing are characterized by a mass term which (in the fermion 
case we are interested in) is a sum of Lorenz-invariant products of left-handed 
and right-handed components of the helds. For charged particles only Dirac 
mass term is allowed. Because electric charges of neutrinos are equal to 
zero three neutrino mass terms are possible. The left-handed flavor helds 
z//i(x), which enter into interaction, must enter also into the neutrino mass 
term. The type of the neutrino mass term depends on the presence in it of 
right-handed helds i'ir{x) and on the total lepton number conservation. 

The Standard Dirac mass term 

If in the Lagrangian there are left-handed and right-handed helds vil{x) and 
i'ir{x) and the total lepton number is conserved the neutrino mass term has 
the form 

/:°(x) = - ^ MPi uiRix) + h.c. (20) 

in 

A complex 3x3 matrix can be presented in the form 

= U m 0, (21) 
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where U and V are unitary mixing matrix and m is a diagonal matrix. From 
and fl?T]) we find 


3 

£^(x) = Pi(x) lyi(x) (22) 

i=l 

Thus, z/j is the field of neutrino with mass m*. 

The flavor fields I'lLix) are connected with the fields I'nix) by the mixing 
relation 

3 

m{x) = '^UiiUiLix), (23) 

i=l 

where U is the unitary PMNS mixing matrix which is characterized by three 
mixing angles and one CP phase. 

In the case of the mass term fl20l) the invariance under the global gauge 
transformations 

v'tL,{x) ^ e'° vil{x), vl„{x) = e'° vir{x) 1'rr{x) = e'° Il.r{x) l = e,ix,T 

(24) 

takes place {a is a constant phase, same for all flavors). The invariance 
under the transformations fl2T)) means that the total lepton number L is con¬ 
served and z/j(x) is the Dirac field of neutrinos (T(r'j) = 1) and antineutrinos 
{L{9i) = —1). The mass term fl20|) is the standard Dirac mass term. 

The most economical Majorana mass term 

If there are only left-handed fields vil{x) in the Lagrangian we can built the 
neutrino mass term if we take into account that {vilY — ^ right- 

handed component {C is the matrix of the charge conjugation which satisfies 
the relations C'Y^C~^ = — 7 a, = —C). For the mass term we have in 

this case 

= + h.c. (25) 

i',i 

Here is a complex symmetrical 3x3 matrix. The matrix can be 
presented in the form 

= U m U^, (26) 
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where t/ is a unitary matrix, and rriik = rrii Sik, m* > 0. From and (12^ 
we have 

1 ^ 

C^{x) =--'^miPi{x)ui{x), (27) 

i=l 

where the field Ui^x) (i=l,2,3) satisfies the condition 

i^iix) = iy^{x) = Cpf{x). (28) 

Thus z/j(x) is the field of the truly neutral 

Majorana neutrino ( z/j = Pi) with mass ruj. The flavor field vil{x) is 
connected with left-handed components vn by the mixing relation 

3 

vil{x) = '^UiiViL{x) l = e,n,T, (29) 

i=l 

The unitary mixing matrix U is characterized by three mixing angles and 
three CP phases. 

The Lagrangian fl25|l is not invariant under the global gauge transforma¬ 
tion x) = e^^viL^x). Thus, in the case of the mass term the total 
lepton number L is not conserved and there is no conserved the quantum 
number which can distinguish neutrino and antineutrino. This is the reason 
why fields of neutrinos with definite masses i'i(x) are Majorana fields. 

The most general Dirac and Majorana mass term 

The most general neutrino mass term has the form 

C^+M^x) = C^{x) + £°(x) + £^(a;) (30) 

Here 

M^Cir{x) + h.c. (31) 

VI 

and C^{x) and C^{x) are given, respectively, by (l20D and ([25]). 

The mass term fl30D does not conserve the total lepton number L. After 
the diagonalization of the mass term we have 

1 ® 

£D+M(^) = ^ m, Vi(x) v,(x) 


( 32 ) 



where I'iix) is the Majorana held with mass mf. 


z/j(a:) = = Cvi{xY' i = 1,2...6. 


( 33 ) 


The havor helds I'nix) and the helds {uui^x))^ are connected with the left- 
handed components of the Majorana helds Pnix) by the following mixing 
relations 
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= '^UiiUiL{x), {uiji{x)y = '^UjiUnix) l = e,fi,T. (34) 


Here 17 is a nnitary 6x6 mixing matrix. 

Right-handed nentrino helds vir{x) do not enter into the SM Lagrangian 
and are called sterile helds. As we see from (IM)) . in the case of the Dirac 
and Majorana mass term the havor helds vil are mixtnres of six left-handed 
components of Majorana helds vn- Sterile helds {i'ir{x)Y are mixtnres of 
the same six left-handed components. 

Diherent possibilities can be considered in the case of the Dirac and Ma¬ 
jorana mass term. The most popnlar are the following. 

1. Transitions into sterile states. 

If the nnmber of light Majorana nentrinos u^x) is larger than three, 
transitions of havor nentrinos into sterile nentrinos become possible. 
For the nentrino mixing we have in this case 



(35) 


where Ug is the nnmber of the sterile nentrinos. 

There exist at present some indications in favor of transitions of havor 
nentrinos into sterile states. We will discnss these indications later. 

2 . Seesaw mechanism of the nentrino mass generation. 

If in the spectrnm of masses of the Majorana particles there are three 
light (nentrino) masses and three heavy masses, we can explain small¬ 
ness of nentrino masses with respect to the masses of leptons and 
qnarks. This is the famons seesaw mechanism of the nentrino mass 
generation [271[2SllMlEniEI]. We will consider this mechanism later. 
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The Dirac mass term can be generated by the Standard Higgs mechanism of 
the mass generation. This mechanism can not explain, however, the smallness 
of neutrino masses. The Majorana mass term and the Dirac and Majorana 
mass term can be generated only by beyond the SM mechanisms. At the 
moment we do not know the type of neutrino mixing: all possibilities are 
open. Later we will discuss the most plausible and economical possibility. 


2 On the Standard Model of the electroweak 
interaction 

2.1 Introduction 

The Standard Model [321 ESI ES] is one of the greatest achievement of the 
physics of the XX’s century. It emerged as a result of numerous experiments 
and fundamental theoretical principles (local gauge invariance and others). 
After discovery of the Higgs boson at LHC the Standard Model got the status 
of the theory of physical phenomena in the electroweak energy scale (up to 
about 300 GeV). We will try here to make some general conclusions which 
can be inferred from the Standard Model and apply them to neutrinos. 

There are many questions connected with the Standard Model; why left- 
handed and right-handed quark, lepton and neutrino helds have different 
transformation properties, why in unified electroweak interaction the weak 
CC part maximally violate parity and the electromagnetic part conserve 
parity etc. I suggest here that the CC structure of the Standard Model and 
such her features are due to neutrinos. 

The Standard Model is based on the following principles 

1. Local gauge symmetry. 

2. Unification of the electromagnetic and weak interactions into one elec¬ 
troweak interaction. 

3. Spontaneous breaking of the electroweak symmetry. 

We will demonstrate here that in the framework of these principles nature 
choose the simplest, most economical possibilities. 
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2.2 Two-component neutrino 

From my point of view the SM started with the theory of the two-component 
neutrino. First of all some historical remark. 

In 1929 soon after Dirac proposed his famous equation for four-component 
spinors, which describe relativistic particle with spin 1/2, Weyl published a 
paper [53] in which he introduced two-component spinors. For a particle 
with spin 1/2 Weyl wanted to built equation for the two-component wave 
function, like the Pauli one, but Lorenz-invariant. He came to a conclusion 
that this is impossible if mass of the particle is not equal to zero. For a 
massless particle he found equations 

= 0, fjR^x) = 0, (36) 

where 'ipLix) and fjR^x) are left-handed and right-handed two-component 
spinors which satisfy the conditions 

ls'tpL,R{x) = T'tpL,R{x). (37) 

Under the inversion of the coordinates the left-handed (right-handed) spinor 
is transformed into right-handed (left-handed) spinor: 

^'r,l{.x') = ^ ( 38 ) 

Here 7 is a phase factor. Thus, Weyl equations fl36|) are not invariant under 
the inversion (do not conserve parity). 

At the time when Weyl proposed the equations (l36|) (and many years 
later) physicists believed that the conservation of the parity is the law of the 
nature. So, Weyl theory was rejected]/] 

After it was discovered [?, |38] (1957) that parity is not conserved in the 
/5-decay and other weak processes, Landau [39|, Lee and Yang [iQl and Salam 
[TT] proposed the theory of the two-component neutrino. These authors had 
different arguments in favor of such a theory. Landau built CP-invariant 
neutrino theory, Salam considered 75 invariant theory and Lee and Yang 
applied to neutrino the Weyl’s theory. 

'^Pauli in his book on Quantum Mechanics [36] wrote ” ...because the equation for tpL{x) 
('bfl(x)) is not invariant under space reflection it is not applicable to the physical reality”. 
Notice, however, the following statement which belong to Weyl ”My work always tried to 
unite the truth with the beautiful, but when I had to choose one or the other, I usually 
choose the beautiful.” 


11 



The authors of the two-component neutrino theory assumed that neutrino 
mass is equal to zero (which was compatible with existed at that time data) 
and that neutrino held was ul{x) or vr^x). Such helds satisfy the Weyl 
equations 

vl{x) = 0, vr{x) = 0. (39) 

If neutrino is the two-component particle in this case 

1. Large violation of the parity in the /9-decay, p-decay and other weak 
processes must be observed (in agreement with the results of the Wu 
et al and other experiments mm)- 

2. Neutrino (antineutrino) helicity is equal to -1 (-1-1) in the case of the 
held z/i(a;) and is equal to -|-1 (- 1 ) in the case of the held vr^x). 

The point 1. is obvious from fl38D . In order to see that two-component 
neutrino is a particle with dehnite helicity let us consider the spinor u’’(p) 
which describes a massless particle with the momentum p and helicity r. We 
have 

7 -pM'’(p) = 0, ^ ■ fi u^{p) = r vJ'ip), r = ±1. (40) 

Here S = 757^7 is the operator of the spin and u = -jlj- is the unit vector in 
the direction of the neutrino momentum. From (HHll it follows that 

75 U^p) = r u'ip). (41) 

Thus, we have 

^( 1 ^ 75 ) u"(p) = ^(l^r) u"(p) (42) 

From this relation it follows that r = —1 (r = -|-l)if neutrino held is vl{x) 
{pr^x)). Analogously, it is easy to show that antineutrino helicity is equal to 
-|-1 (- 1 ) in the case if neutrino held is pl{x) {pr^x)). 

The neutrino helicity was measured in the spectacular Goldhaber et al 
experiment [12]. In this experiment the neutrino helicity was obtained from 
the measurement of the circular polarization of 7 -quanta produced in the 
chain of reactions 


e Eu-)- p + 


i52gm* 

^^^Sm -|- 7 . 
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The authors of the paper |12] concluded : ”... our result is compatible with 
100% negative helicity of neutrino emitted in orbital electron capture”. 

Thus, the Goldhaber et al experiment conhrmed the two-component neu¬ 
trino theory. It was shown that from two possibilities or vr{x)) nature 

choose the hrst one. 

Let us notice that at the time when the two-component neutrino theory 
was proposed it was unknown that exist three types of neutrino. In 1962 
in the Brookhaven experiment |l3] it was shown that muon and electron 
neutrinos and are different particles. In 2000 the third neutrino Vr was 
discovered in the DONUT experiment jUj. 

The number of degrees of freedom of the two-component Weyl field is 
two times smaller than the number of the degrees of freedom of the four- 
component Dirac held. It looks plausible that for neutrino nature chooses 
this simplest and most economical possibility. 


2.3 Local gauge symmetry 


The local gauge symmetry is a natural symmetry for the Quantum Field 
Theory with quantum helds which depend on x. In accordance with the two- 
component neutrino theory we will assume that the helds of electron, muon 
and tau neutrinos are left-handed two-component Weyl helds. We will denote 
them z/^^, z/^^. Neutrinos z/g, z/^, r>T take part in the CC weak interaction 
together with, correspondingly, e, p, r. The requirements of the symmetry 
can be satished if electron, muon and tau helds, like neutrino helds, are also 
left-handed two-component Weyl helds The simplest symmetry 

group is SUl{2) and the simplest possibility for neutrino and lepton helds is 
to be, correspondingly, up and down components of the doublets]^ 




lep 

eL 







lep 

tL 


V\ 


T\ 


T L 
/ 



(43) 


In order to insure the invariance under the local gauge transformations 

(x) = e 5 (/ = e, p, t) (44) 

(r ■ A(x) = 'r*A*(x), r* are Pauli matrices and A®(x) are arbitrary func¬ 

tions of x) we need to assume that neutrino-lepton helds interact with mass¬ 
less vector helds Aa{x) and in the free Lagrangian derivatives of the fermion 

^We will consider only leptons. Notice also that meaning of primes will be clear later. 
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fields are changed by the covariant derivatives 


da {x) ^ {da + i g]^T ■ Aa (x)) (x), (45) 

where 5 ^ is a dimensionless constant and the held Aa{x) is transferred as 
follows 

A'^{x) = Aa{x) - ^daA{x) - K{x) X Aa{x). (46) 

With the change fl45)) we generate the following Lagrangian of the interaction 
of the lepton and vector Aa{x) helds 

^^i{x) = -g ']a{x)A^{x). (47) 

Here 

Ja = (48) 

l=e,ii,T 

is the isovector current. 

The expression (1471) can be written in the form 

Ci{x) = (^-^^j^^{x)W^{x) Ah.c'^ - g jl{x) A^^{x) . (49) 

Here 

= 2(j' + ijl) = 2 (50) 

l=e,fi,r 

is the lepton charged current and Wa = is the held of charged, vector 

bosons. 

The following remarks are in order: 

1. The local gauge invariance requires existence of the vector held H"(a;). 
This held is called gauge vector held. 

2. The interaction (1471) is the minimal interaction compatible with local 
gauge invariance. 

3. From (I46|) it follows that the strength tensor of the vector held A°‘{x) 
is given by the expression 

Fa/ 3 {x) = da A 0 {x) - dp Aa{x) - g Aa{x) X Ap{x), (51) 
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where the last term is due to the fact that SU{2)l is a non-Abelian 
group. Because interaction constant g enters into expression for the 
strength tensor it must be the same for all doublets ■0^2^ {x) (Z = e, p, r). 
As a result we came to e — /i — r universal charged current weak inter¬ 
action ([7P|). 


2.4 Unification of the weak and electromagnetic inter¬ 
actions 

The Standard Model is the unified theory of the weak and electromagnetic 
interactions. In the electromagnetic current of the charged leptons enter 
left-handed and right-handed helds : 

(52) 

I I I 

Thus, in order to unify weak and electromagnetic interactions we must en¬ 
large symmetry group. A new symmetry group must include not only trans¬ 
formations of left-handed fields but also transformations of right-handed 
fields of charged leptons. There is a fundamental difference between neu¬ 
trinos and other fermions: neutrinos electric charges are equal to zero, there 
is no electromagnetic current of neutrinos. The unihcation of the weak and 
electromagnetic interactions does not require right-handed neutrino helds. 
A minimal possibility is to assume that there are no right-handed neutrino 
fields in the Standard Model. 

The minimal enlargement of the SUl{2) group is a direct product SUl{2) x 
f/y(l). In order to ensure local gauge SUl{2) x f/y(l) invariance we need 
to change in the free Lagrangian derivatives of left-handed and right-handed 
helds by the covariant derivatives 

{da + ig^T ■ Aa + ig'^Yif^Ba)tlj\f, 
dj'n ^ (da + tg'^YjfPBafi'R, (53) 

where Ba is vector gauge held of the Z7y(l) group. 

There are no constraints on the interaction constants of the Abelian f/y (1) 
local group. In order to unify the weak and electromagnetic interactions we 
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assume that the interaction constants for lepton doublets and charged lepton 
singlets have the form 

(54) 

Here g' is a constant and hypercharges of left-handed and right-handed helds 
and are determined by the Gell-Mann-Nishijima relation 


Q = Ts + -Y, 


(55) 


— n ^ 

9 Ja^ 9 2 ^ ■ 

(56) 

1 jY _ -EM _ -3 

2 Jot Jot Jot'! 

(57) 


where Q is the electric charge and T 3 is the third projection of the isotopic 
spin. 

For the Lagrangian of the minimal interaction of the lepton helds and the 
helds and of neutral vector bosons we obtain the following expression 


Here 


where is the electromagnetic current of the leptons. 

Notice that the electromagnetic current appeared in (1571) due to the fact 
that electric charges of left-handed components (coming from doublets) 
and right-handed components (coming from singlets) are the same. Thus, 
if we choose coupling constants of the t/y(l) local gauge group in accordance 
with the Gell-Mann-Nishijima relation we can combine electromagnetic inter¬ 
action which conserve parity with the weak interaction which violate parity 
into one electroweak interaction. 

In order to separate in the Lagrangian of electromagnetic interaction 
of leptons with the electromagnetic held 

• instead of the helds and we introduce ’’mixed” helds 


= cos 6— sin 6wB^", = sin 6 *vi/H'’^"-t-cos^vi/H", (58) 

where angle 6 w is determined by the relation 


— = tan6w- 
9 


( 59 ) 
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• we assume that the following relation holds 

g sin 9w = e. (60) 

Here e is the proton charge. The relation 0601) is called the unification 
condition. 


Finally, the interaction Lagrangian takes the form 


c, = 


Here 




2\/2 

is the charged current Lagrangian, 


3 ^-cct^^ + h.c). 




9 -NC rya 
Ja ^ ■ 


2 COS 9\y 

is the neutral current Lagrangian, 

('EM _ „ aEM a a 

Ja ^ 


(61) 

(62) 


(63) 


(64) 


is the electromagnetic Lagrangian. 

We considered up to now only neutrinos and charged leptons. If we 
include also quarks the total charged, neutral and electromagnetic currents 
are given by the following expressions 


l=e^fi,T 


•NC _ o -3 o 

Ja ^ Ja ^ Ja ? 


2 n -EM 


( 66 ) 


where 

f 

la 2 


jI = I Y1 - T + T - T ^.Llo.q'L- 


l=e,fi,r 


l=e.,fi^T 


q=u,c,t 


q=d,s^b 


(67) 


and 


Ja^ = (-1) Y1 

l=e,fi,T q=u,c,t q=d,s,b 
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Let us stress that the structure of the CC term is determined the two- 
component neutrinos. The structure of the NC term is determined by the 
unihcation the CC and EM interactions on the basis of the SUl{‘2) x Uy{^) 
group. 

The Lagrangian of interaction of fundamental fermions and gauge vector 
bosons is the minimal, simplest Lagrangian. However, due to requirements 
of the local gauge SUl{2) x Hy(l) symmetry there are no mass terms of all 
fermions and gauge vector bosons in the Lagrangian. 

In order to build a realistic theory of the electroweak interaction we need 
to violate local gauge symmetry and generate masses of and bosons 
and mass terms of quarks and charged leptons. The photon must remain 
massless. Neutrino masses is a special subject. We will discuss it later. 

2.5 Brout-Englert-Higgs spontaneous symmetry break¬ 
ing 

The Standard model mechanism of the mass generation is the Brout-Englert- 
Higgs mechanism @511161117]. It is based on the phenomenon of the sponta¬ 
neous symmetry breaking. The spontaneous symmetry breaking takes place 
in the ferromagnetism and other many-body phenomena. It happens if the 
Hamiltonian of the system has some symmetry and vacuum states are degen¬ 
erated. It was suggested @8l HU [50] that the phenomenon of the spontaneous 
symmetry breaking takes place also in the Quantum Field Theory. 

In order to ensure the spontaneous symmetry breaking in addition to the 
helds of fundamental fermions and gauge vector bosons we must include also 
the scalar Higgs field in the system. 

We will assume that the Higgs held 



(69) 


is transformed as SUl{2) doublet. Here 0+(x) and (fo^x) are complex charged 
and neutral scalar helds. According to the Gell-Mann-Nishijima relation the 
hypercharge of the doublet (f){x) is equal to one. We will see later that this 
assumption give us the most economical possibility to generate masses of 
and vector bosons. 

The part of SUl{2) x f/y(l) invariant Lagrangian, in which the Higgs 
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field enters, has the form 


C- = {{do, + i g^f ■ A^ + i g' ]^B^) (t))\d^ +i g^f ■ + i g' ^ 

where potential V (0^ 0) is given by the expression 

V (0^ 0) = -f/ 0^ 0 + A (0'’' 0)^. 


(70) 

(71) 


Here and A are positive constants. The constant p has dimension M and 
the constant A is dimensionless constant. 

Existence of the Higgs held fundamentally change properties of the sys¬ 
tem; the energy of the system reaches minimum at nonzero values of the 
Higgs field. In fact, the energy reaches the minimum at such values of Higgs 
held which minimize the potential. We can rewrite the potential in the form 

V(,l,*,l,) = \ (72) 


From this expression it is obvious that the potential reaches minimum at 

(/'^)o = y (73) 

where 

A 

Taking into account the conservation of the 
values of the Higgs held we have 


(74) 

electric charge, for the vacuum 



where a is an arbitrary phase. It is obvious that this freedom is due to the 
gauge symmetry of the Lagrangian. We can choose 


•i>« = (?). (76) 

With this choice we break the symmetry. Notice that in the quantum case 
the constant v, having the dimension M, is the vacuum expectation value 
(vev) of the Higgs held. 
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The doublet 0(a:) can be presented in the form 


0(x) = ^ j . (77) 

Here 6i{x) {i = 1,2,3) and H{x) are real functions which have dimension of 
the scalar held (M). Vacuum values of these functions are equal to zero. 

The Lagrangian (17(1 is invariant under SUl{2) x Vy(l) local gauge trans¬ 
formations. We can choose the arbitrary gauge in such a way that 


0(x) = y v+^x) j . (78) 

Such a gauge is called the unitary gauge. From (|78ll it follows that the 
Lagrangian d70|) takes the form 

£ = i +i [v+H fgHvl {2vH+Hy. 

(79) 

The mass terms of and vector bosons and the scalar Higgs boson are 
given by the expressions 

Wi ^ ml mj, H\ (80) 

where mw, mz and mu are masses of PF^, Z^ and Higgs bosons. From (1791) 
and flHOj) we hnd 

mw = ]^gv, mz = + V, mH = V^v. (81) 


Thus, after the spontaneous symmetry breaking, W°‘{x) becomes the held 
of the charged vector bosons with the mass \gv, Z^[x) is the held of 
neutral vector bosons with the mass 1 \/W^rg^ n, Aa (x) remains the 
held of massless photons. 

Three (Goldston) degrees of freedom are necessary to provide longitudinal 
components of massive and Z^ bosons. The Higgs doublet (two complex 
scalar helds, 4 degrees of freedom) is a minimal possibility. One remaining 
degree of freedom is a neutral Higgs held H{x) of scalar particles with the 
mass V. 
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The Brout-Englert-Higgs mechanism of the generation of masses of 
and bosons predicts existence of the massive scalar boson. Recent discov¬ 
ery of the scalar boson at LHC [5T1152] is an impressive confirmation of this 
prediction of the Standard Model. 

The expressions flHTj) for masses of the and bosons are character¬ 
istic expressions for masses of vector bosons in a theory with spontaneous 
symmetry breaking (and covariant derivative of the Higgs held in the La- 
grangian). In fact, it is evident from flTOj) that masses of the vector bosons 
must have a form of a product of the constant part of the Higgs held (n) and 
interaction constants. 

The hrst relation 081 p allows to connect the constant v with the Fermi 
constant Gp. In fact, the Fermi constant, which can be determined from the 
measurement of time of life of muon and from other CC data, is given by the 
expression 


Gp _ g^ 
\/2 


(82) 


From (l8Tp and (j8^ we obviously have 


Thus, we hnd 



V = (V2Gf)~‘'^ - 246 GeV. 


(83) 

(84) 


The interaction constant g is connected with the electric charge e and the 
parameter sinOw by the unihcation condition fl60p . From fl60l) . flHTl) and fIMl) 
for the mass of the W boson we hnd the following expression 


mw 


_7rC^ 1/2 

\/2Gp 



(85) 


where a ~ 
we have 


1 

137.036 


is the hne-structure constant. For the mass of the boson 


mw 

mz = -^ 

cosdw 


_^fff_\l/2 __ 

^/ 2 Gp sin cos 


( 86 ) 


The parameter sin^ 6 w can be determined from the data on the investigation 
of NC weak processes. From existing data it was found the value sin^ 9w = 
0.23116(12) [53]. 

Thus, the Standard Model allows to connect masses of and Z^ bosons 
with constants Gp, a and siv?6w 


21 










For average of measured values of mw and mz we have [53] : 

mw = 80.420 ± 0.031 GeV, mz = 91,1876 ± 0.0021 GeV. (87) 

Using the values of Gp-, « and Ow (and taking into account radiative 
corrections) for predicted by the SM values of mw and mz we have 

mvK = 80.381 ± 0.014 GeV, = 91,1874 ± 0.0021 GeV. (88) 

The agreement of the experimental data with one of the basic prediction of 
the SM is an important conhrmation of the idea of the spontaneous breaking 
of the electroweak symmetry. 

We will consider now the Higgs mechanism of the generation of masses of 
leptons and quarks. The fermion mass terms can be generated by a SUl{2) x 
f/y(l) invariant Yukawa Lagrangians. We will consider hrst the charged 
leptons. The most general Yukawa Lagrangian which can generate the mass 
term of the charged leptons has the following form 

ct" = 4> + h.c, (89) 

h,l2 

where Y is a 3 x 3 complex nondiagonal matrix. The Standard Model does 
not predict elements of the matrix Y: they are parameters of the SM. 

After the spontaneous breaking of the symmetry from f|43l) . fl76l) and fl89l) 
we have 

£7 = - Y + ^^) + h.c. (90) 

h,h 

The term proportional to v is the mass term of charged leptons. In order to 
present it in the canonical form we need to diagonalize matrix Y. The general 
complex matrix Y can be diagonalized by the biunitary transformation 

Y = VLy Vi, (91) 

where Vp and Vp are unitary matrices and y is a. diagonal matrix with positive 
diagonal elements. From fl9Up and 0911) we find 

CyP = - i^rni Ir {1 +-H) + h.c = - miTl(l + -H). (92) 

l=e,fi,T l=e,/i,r 

Here 

t = ''iL. n = Y(F)«. ts. ‘ = ‘l + Ir ( 93 ) 

h h 
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and 


mi = Hi V. (94) 

From 0931) it follows that l{x) is the held of the charged leptons I with mass 
mi (/ = Left-handed and right-handed components of the helds of 

leptons with dehnite masses are connected, with primed left-handed helds, 
components of the donblets and primed singlets right-handed helds 

I'fi by the nnitary transformations fl93|) . 

The second term of fl92|) is the Lagrangian of interaction of leptons and 
the Higgs boson 

Cy = - ^ ^ (95) 

l=e,fi,T 

where dimensionless interaction constants fi are given by the relation 

fi = - mi = {^Gpfl'^mi ~ 4.06 ■ 10"^-^. (96) 

V GeV 

Let ns express leptonic electromagnetic, charged and nentral cnrrents in 
terms of the helds of leptons with dehnite masses l{x). Taking into acconnt 
the nnitarity of the matrices Vl and Vr for the EM cnrrent we have 

I I 

= ^(“l)^L7a^L + 7a (97) 

I I I 

For the leptonic charged cnrrent we hnd 

ia ^ = 2 = 2 JyiL'yJi, (98) 

i i 

where 

Gl = '^(^1)111 ^'hL- (99) 

h 

The held vi is called havor nentrino held. 

Finally, for the leptonic NC we obtain the following expression 

= 5^GL7aGL-5^47a4-2sin2 0wjf^ (100) 

i i 

= Gn7aGL - klah - 2 sin^ Owj^^■ (101) 

i i 
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We will consider now briefly the Brout-Englert-Higgs mechanism of the gen¬ 
eration of masses of quarks. Let us assume that in the total Lagrangian enter 
the following SUl{‘2) x Uy{^) invariant Lagrangian of the Yukawa interaction 
of quark and Higgs fields 


£r"‘ = -V2 5^ UtT” - ^/2 UI ?'.R ^ + h e. 

k,qi=d,s,b k,qi=u,c,t 

( 102 ) 

Here 

). V-SR = () (103) 


are quark doublets, 

<j) = iT2(p* (104) 

is the conjugated Higgs doublet and are 3x3 complex nondiagonal 

matrices. 

After the spontaneous breaking of the symmetry in the unitary gauge we 
have 

= (^ ^ j- (105) 

From (110211 and (110511 we And 


= - E 9'ir +i/) 

qi,q2=d,s,b 

- E {v + H) + h.c. 

qi,q2=u,c,t 

For the complex matrices and we have 

'ydown _ -^down down -^down^ y^up _ yUp 

L y R L R R 


(106) 


(107) 


Here and are unitary matrices and 

with positive diagonal elements. 

Using (I107P for the Lagrangian we And 


, y 


up 


are diagonal matrices 


V 

q=u,d,c,s,t,b 


( 108 ) 
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Here 


'>^q = yqV, q = u,d,c,s,t,b (109) 

are masses of the quarks, 

(1L= ^iL (? = (1L= (I'lL {<1 = u, c, t) 

qi=d^s,b qi=u,c,t 

( 110 ) 

and 


qR= Y1 q'lR (q = d, s, b) qR= iVR^^)qgi q'lR (q = u, c, t) 

qi=d,s,b qi=u,c,t 

(111) 

The hrst terms in the r.h.s. of Eq. 01081) is the mass term of the quark 


£r''‘ = - E ’"»««■ (112) 

g'=n,d,... 

The second term 

- E f,mn (113) 

q=u,d,... 

is the Lagrangian of the interaction of quarks and the scalar Higgs boson. 
The interaction constants fg are given by the relation 

fq = '^ = mg{V2GFy/^ ~ 4.06 ■ 10-="^. (114) 

Let us express the electromagnetic current, neutral current and charged cur¬ 
rent of quarks in terms of the helds of quarks with dehnite masses. Taking 
into account the unitarity of the matrices and for the electromag¬ 

netic current of quarks we have the following expression 

^ d!lc,q' + (-^) Y = Y ^<1 dlaq, (115) 

q=u,c,t q=d,s,b q=u,d,... 

where = | for g = u, c, t and = —1 for q = d,s, b. 

Analogously, for the the neutral current of quarks we hnd 

jT = Y q'L'y^q'L- ^n7agL-2sin2 0vKj™ 

q=u,c,t q=d,s,b 

= Y qLlo^qL- Y - 2sin^6'tyj™. (116) 
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Thus, NC of the Standard Model is diagonal over quark fields (conserves 
quark flavor). 

Finally, for the charged current of quarks we have 

= Uiladi + c'^'yaS'L + i'^JabL = UL'JadT'' + CL'JaST'' + ^L7a^L“- (H^) 

Here 

df'= 4 “= Y ( 118 ) 

q=d,Syb q=d,s,b q=d,s,b 

The matrix V = ydown^ ^ unitary 3x3 Cabibbo-Kobayashi-Maskawa 
(CKM) matrix. Thus, the fields of down quarks enter into CC in the mixed 
form. The mixing is connected with the fact that the unitary matrices 
and are different. 

The CKM matrix is characterized by three mixing angles 612 , 623 , O 13 
and one phase <5 responsible for the CP violation in the quark sector. It 
can be presented in the same form as the neutrino mixing matrix (see ffTbjl b 
Existing data allows to determine all matrix elements of CKM matrix. From 
the global fit of the data of numerous experiments it was found [53] 

/ 0.97427 ±0.00015 0.22534 ± 0.00065 0.00351 ± 0.00015 \ 

|I/| = 0.22520 ± 0.00065 0.97344 ± 0.00016 0.0412;°;°°^^ (119) 

\ 0 00867+° °°°^® 0 0404’''°'°°^^ 0 qqqi46+°-0°o°2i / 

From fl96p and flll4p for the masses of charged leptons and quarks we have 

mi = fiv, mq = fqV. (120) 

Thus, masses of leptons (quarks) have the form of the product of constant 
V (coming from the Higgs field) and the constants of interaction of leptons 
(quarks) and the Higgs bosons. Notice that masses of hF^ and vector 
bosons have the same form (see (IHTp i. 

Masses of leptons and quarks are known. From fll2Up follows that the SM 
predicts the constants of interaction of leptons and quarks with the Higgs bo¬ 
son. The hrst LHC measurements of the constants fr and fb are in agreement 
with the SM prediction (see [541 [55] ). 

Up to now we considered the Standard Model Brout-Englert-Higgs mech¬ 
anism of the generation of masses of charged leptons and quarks. What about 
neutrinos? As we discussed earlier, in the minimal Standard Model there are 
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no right-handed neutrino helds. Thus, in the minimal SM there is no Yukawa 
interaction which can generate neutrino mass term. This means that after 
spontaneous breaking of the electroweak symmetry neutrino fields in the SM 
remain two-component Weyl fields and neutrino mass term can he generated 
only by a beyond the Standard Model mechanism. 

In conclusion we will present some additional arguments in favor of a 
beyond the SM origin of the neutrino masses. Let us assume that not only 
but also are Standard Model helds. In this case we have the following 
SUl{‘2) X t/y(l) invariant Yukawa interaction of lepton and Higgs helds 

Cy = -^/ 2 Y,t 7 Lyl‘:lyl.Ri+b.c.. ( 121 ) 

vi 

After spontaneous breaking of the electroweak symmetry from (I12ip we ob¬ 
tain the Dirac neutrino mass term 

= -u ^ Da + h.c. = - ^ Da MjfiViR + h.c. ( 122 ) 

171 i',i 

Here = vVIY'^ where the matrix Vr connects helds and havor neu¬ 
trino helds viR (see ([99])). After the standard diagonalization of the matrix 
vIY'' we hnd 

3 

= = '^Uiih'iL, (123) 

2=1 2 

where U is a. unitary mixing matrix and Ui is a held of the Dirac neutrinos 
with mass ruj. For neutrino mass we have 

mi = v yi, (124) 

where yi is the Yukawa coupling constant. 

In order to estimate yi we need to know neutrino masses. Values of 
neutrino masses are determined by the lightest neutrino mass mo which is 
unknown at present. We will consider two extreme cases 

1. Normal mass hierarchy mi -C m 2 -C m 3 , mi -C i/Aml ~ 9 • 10“^ eV, 

2/1 < 1/2 -C 2/3 - ^ 2 ■ 10"^T 

2. Inverted mass hierarchy m 3 <C mi < m 2 , m 3 <C y^AmJ ~ 5 • 10“^ eV, 
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1/3 < 2/1 < 1/3 ^ ~ 2 ■ 10 

3. Quasi-degenerate mass spectrum rui^s 3> ■>/Am^ ~ 5 • 10“^ eV. 

In this case mi < m 2 ^ m 3 ~ or mi < m 2 ^ m 3 ~ m^. 

Using (flSj) and flT^ from the cosmological data and tritium /9-decay 
data we hnd, respectively, 

1/1 ^ 1/2 < 1/3 ^ 3 • 10■^^ 1/1 < 1/2 < 1/3 ^ 10"^^ 

Values of the quarks and leptons Yukawa coupling constants depend on gen¬ 
eration. For the particles of the hrst, second and third generation they are 
of the order 10“® — 10“^, 10“^ — 10“^ and 10“^ — 1, respectively. Thus, neu¬ 
trino Yukawa coupling constants are many orders of magnitude smaller than 
Yukawa constants of quarks and leptons. Extremely small neutrino masses 
and, correspondingly, neutrino Yukawa coupling constants are an evidence 
that masses of quarks, leptons and neutrinos are not of the same SM origin. 

3 Beyond the Standard Model neutrino masses 

In the Standard Model with left-handed, two-component Weyl helds vn the 
neutrino mass term can not be generated. The neutrino mass term can be 
generated only by a beyond the SM mechanism. There are many approaches 
to neutrino masses (see jSS])- The most economical possibility of generation 
of neutrino masses and mixing is provided by an effective Lagrangian. 

The effective Lagrangian method |53 EH] is a general, powerful method 
which allows to describe effects of a beyond the SM physics in the electroweak 
region. The effective Lagrangian is a SUl{2) x f/y(l) invariant, nonrenor- 
malizable Lagrangian built from SM helds {including Higgs field). It has the 
following form 

Y + (125) 

n=l,2,... 

Here is a SUl{2) x f/y(l) invariant operator which has dimension 
and A is a constant of the dimension M. The constant A characterizes a scale 
of a new, beyond the SM physics. 

In order to generate the neutrino mass term we need to build the effective 
Lagrangian which is quadratic in the lepton helds. The terms and 
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(/ = e, fi, t) are SUl{2)xUy{^) invariants which have dimensions After 

spontaneous breaking of the symmetry they contain, correspondingly, vu'u^ 
and The effective Lagrangian which generate neutrino mass term has 

the following lepton-number violating form m 

= -f E(drW) Kh + h-c- ( 126 ) 

hyh 

Here Y' = {Y'Y' is a symmetric dimesionless 3x3 matrix and A is a parameter 
which characterizes a scale of a beyond the SM lepton number violating 
physics. 

After spontaneous breaking of the electroweak symmetry from fllUSD and 
fim we hnd 


= -^ E Kh (o + Hf + hx. (127) 

h,h 

The term proportional to is the neutrino mass term. 

The flavor neutrino helds vil, which enter into the leptonic charged and 
neutral currents, are connected with helds by the relation ([99]). In terms 
of the havor neutrino helds from fll27p we obtain the Majorana mass term 
fl25|l in which the matrix is given by the following expression 


= — Y, 

A 

(128) 

where 


r = vlY'ivlf 

(129) 

is a symmetrical 3x3 matrix. We have 


Y = UyU^, 

(130) 


where U^U = 1 and yik = Vi Sik, yi > 0. 

From fll28p and fll30p for the Majorana neutrino mass we hnd the follow¬ 
ing expression 

mi = ^{yiv), i = l,2,3. (131) 

Majorana neutrino mass m*, generated by the ehective Lagrangian fll26|) . is 
a product of a ’’typical fermion mass” v yi and a suppression factor which is 
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given by the ratio of the electroweak scale v and a scale A of a lepton-number 
violating physics (A S> n). Thus, effective Lagrangian approach provides a 
natural framework for the generation of neutrino masses which are much 
smaller than the masses of leptons and quarks. Let us stress that such a 
scheme does not put any constraints of the mixing matrix U. 

In order to estimate the parameter A we need to know neutrino masses 
rrii and Yukawa coupling constant Ui. Let us assume hierarchy of neutrino 
masses mi <C m 2 -C m 3 . For the mass of the heaviest neutrino we have in 
this case m 3 ~ i/Am^ ~ 5 • 10“^ eV. Assuming also that 1/3 is of the order 
of one, we hnd the following estimate A ~ 10^® GeV. Thus, small Majorana 
neutrino masses could be a signature of a very large lepton number violating 
scale in physicsjl 

Effective Lagrangian fll26p could be a result of exchange of virtual super¬ 
heavy Majorana leptons between lepton-Higgs pairs [59] rl 

In fact, let us assume that exist heavy Majorana leptons Ni [i = 1,2, ...N), 
singlets of SUl{2) x Gy(l) group, which have the following Yukawa lepton- 
number violating interaction 

C] = NiR + h.c.. (132) 

l,i 

Here y'^ are dimensionless Yukawa coupling constants and Ni = Nf is the 
Majorana held with mass Mj {Mi ^ v). 

In the second order of the perturbation theory with virtual Ni at the 
electroweak energies {Q^ Mf) the interaction (I132p generates the following 
effective Lagrangian 

C^y'vi^y'u) (iss) 

l',l i * 

After spontaneous breaking of the electroweak symmetry from (11331) we ob- 

^Let us stress that for the dimensional arguments we used it is important that Higgs is 
not composite particle and exist scalar Higgs field having dimension M. Discovery of the 
Higgs boson at CERN (STJ [52] confirm this assumption. 

^ An example of the effective Lagrangian is the Fermi Lagrangian which describe /3-decay 
and other low-energy processes. This effective Lagrangian is generated by the exchange of 
the virtual IT-boson between e — v and p — n pairs. It is a product of the Fermi constant 
which has dimension and dimension six four-fermion operator. 
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tain Majorana neutrino mass term 



l',l i 


( 134 ) 


In terms of flavor neutrino fields from fll34|) we find 


£'' = -I ^ VfL Mh {vilY + h.c.. 


(135) 


Here 



where y = V^y'. From fl26|l and fll36p for the Majorana neutrino mass ruj 
(i = 1, 2, 3) we hnd the following expression 



N 


The scale of a new lepton-number violating physics is determined by masses 
of heavy Majorana leptons iVj. It follows from fll37p that Majorana neu¬ 
trino masses are suppressed with respect to the masses of other fundamental 
fermions by the factors ^ -C 1. 

Let us summarize our discussion of the generation of the neutrino masses 
by the Weinberg effective Lagrangian. 

1. There is one possible lepton number violating effective Lagrangian. 
After spontaneous breaking of the symmetry it leads to the Majorana 
neutrino mass term which is the only possible (in the case of the left- 
handed fields z//£,) neutrino mass term (see [60]). Neutrino masses in 
this approach are suppressed with respect to the masses of lepton and 
quarks by the ratio of the electroweak scale v and a scale A of a new 
lepton-number violating physics (A ^ v). The Lagrangian fll26p is 
the only effective Lagrangian of the dimension 5 (proportional to ^). 
This means that neutrino masses are the most sensitive probe of a new 
physics at a scale which is much larger than the electroweak scale. 

2. Number of Majorana neutrinos with definite masses is determined by 
the number of lepton flavors and is equal to three. 
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3. Heavy Majorana leptons with masses much larger than v could exist. 

Alternative mechanism of the generation of small Majorana neutrino 
masses is the famous seesaw mechanism [271 [281 [291 [301 [31]. This mecha¬ 
nism is based of GUT models (like S'O(IO)) with multiplets which contain 
not only left-handed neutrino helds vil but also right-handed helds. In such 
models the most general lepton-number violating Dirac and Majorana mass 
term f[5U|) is generated. If we assume that 

1 . = 0 . 

2. The elements of the matrix are proportional to v (the Dirac term 

is generated by the standard Higgs mechanism) 

3. The right-handed Majorana term (which can be always diagonal¬ 
ized) is given by = Mk6ik, Mf, v 

then we come to the Majorana neutrino mass term 

X] D'L {Mi^i)seesa,w{l^lLy + h.C., (138) 

I',I 

where 

(M^),eesaw = (M^)"! {M^f. (139) 

In the seesaw case in the mass spectrum there are three light (neutrino) 

Majorana masses rrii and heavy lepton Majorana masses M^. From (I139p it 

2 

follows that the scale of neutrino masses is determined by the factor <^v. 

The seesaw mechanism of the generation of the neutrino masses is equiv¬ 
alent to the effective Lagrangian mechanism considered before. Let us notice 
that the mechanism based on the interaction (11321) is called type I seesaw. 
The effective Lagrangian fll26p can also be generated by the Lagrangian of 
interaction of lepton-Higgs doublets with a heavy triplet leptons (type HI 
seesaw) and by the Lagrangian of interaction of lepton doublets and Higgs 
doublets with heavy triplet scalar bosons (type H seesaw). 

4 Implications of the standard seesaw mech¬ 
anisms of neutrino mass generation 

In this section we will briefly discuss practical implications of the effective 
Lagrangian (seesaw) mechanism of the neutrino mass generation. 
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Neutrinoless double /9-decay 


The search for neutrinoless double /9-decay (0i//9/9-decay) 

(A,Z) ^ (A,Z + 2) + e-+ e-. (140) 

of ^®Ge, ^^°Te, ^^®Xe and other even-even nuclei is the most practical way 
which allows to reveal the nature of neutrinos with dehnite masses (Majorana 
or Dirac?) (see [611 [T^ |62l [63]). 

The expected half-life of this process is extremely large (many orders of 
magnitude larger than time of life of the Universe). There are two main 
reasons for that. 

1. The process flldOp is the second order of the perturbation theory process 
with the exchange of the virtual neutrinos between n —)■ pe~ vertexes. 
The matrix element of the process is proportional to 

2. Because in the Hamiltonian of the standard weak interaction enter left- 
handed neutrino helds 

I'eL = ^ UeifiL (141) 

i 

neutrino propagator has the form 

rr 2 1 - 75 7-q + mi 1 - 75 ^ 1 - 75 

4- ^2 2 “ 2 ■ ^ ^ 

Here 

i 

is the effective Majorana mass and q is momentum of virtual neutrinos. 
From neutrino data it follows that Impisl < 1 eV. An average momen¬ 
tum of the virtual neutrino is about 100 MeV [6I1[I7|. Thus, the factor 
gives strong suppression of the matrix element of 0 i 2 / 3 / 9 -decaj|f| 

®It follows from (I142|) that for massless neutrinos 0^/3d“decay is forbidden. This corre¬ 
sponds to the theorem on the equivalence of theories with massless Dirac and Majorana 
neutrinos [Ml [65] 
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In the case of Majorana neutrino mixing 01411) the half-life of the 0z//9/9-decay 
have the following general form (see [SIl fT7] ) 

G»"(Q,Z). (144) 

Here M^'^{A,Z) is the nuclear matrix element (NME), which is determined 
by the nuclear properties and does not depend on elements of the neutrino 
mixing matrix and small neutrino masses, and is known phase 

space factor which includes the Fermi function describing hnal state Coulomb 
interaction of two electrons and nuclei. 

The calculation of NME is a very complicated many-body nuclear prob¬ 
lem. At present NME for the 0z//5/5-decay of ™Ge, ^^°Te, ^^®Xe and other nu¬ 
clei were calculated in the framework of NSM, QRPA, IBM, EDF and PHFB 
many-body approximate schemes (see review [63] and references thereby). 
Results of these calculations are signihcantly different. In the Table [1] we 
present ranges of NME for ^®Ge and other nuclei, ratios of maximal and min¬ 
imal values of NME and ranges of half-lives calculated under the assumption 
that = 0.1 eV (see [M] for details). 

Up to now 0z//5/3-decay was not observed and rather stringent lower 
bounds on half-life of the Oz//3/3-decay of different nuclei were obtained. We 
will present here some recent results. 

In the EXO-200 experiment [ 66 | the Oz//3/3-decay of ^^®Xe (with 80.6% 
enrichment in ^^®Xe) was searched for in the liquid time-projection chamber. 


Table 1: Ranges of calculated values of ratios and 

ranges of half-lives (calculated for m/ 3/3 = 0.1 eV) for the neutrinoless double 
/3-decay of several nuclei of experimental interest. 


Oi//3/3-decay 

\ M ^^\ 


^V2("^/3/3 = 0.: 
(1026 yl 

^^Ge Se 

3.59 - 

10.39 

2.9 

1.0 -8.6 

^°°Mo Ru 

4.39 - 

12.13 

2.8 

0 

1 

0 

bo 

isorpg ^130 xe 

2.06 - 

■8.00 

3.9 

0.3 - 4.3 

i36Xe ^^36 

1.85 - 

■6.38 

3.4 

0 . 4 - 5.2 
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After 100 kg ■ y exposure the following lower bound was obtained 

T°; 2 (^^®Xe) > 1.1 ■ lO^*^ y (90%^^) (145) 

Using different calculations of NME from this result for the effective Majo- 
rana mass the following upper bounds were found 

|m^^| < (1.9-4.5) ■ 10"^ eV (146) 

In the KamLAND-Zen experiment |67] 383 kg of liquid ^^®Xe (enriched to 
90.77% ) was loaded in the liquid scintillator. After 115 days of exposure for 
the half-life of ^^®Xe the following lower bound was inferred 

> 1.3 • 10^® y (90%C'L) (147) 

Combining this result with the result of the previous run, for the half-life of 
^^®Xe it was obtained 

> 2.6 • 10^® y (90%C'L) (148) 

From this bound for the effective Majorana mass it was found 

|m^^| < (1.4-2.8) • 10"^ eV. (149) 

In the germanium GERDA experiment [68] the 0i//9/5-decay of ^®Ge was stud¬ 
ied. In the Phase-I of the experiment the germanium target mass was 21.6 
kg (86% enriched in '^®Ge). Very law background (10“^ cts/KeV kg y) was 
reached. For the the lower bound of the half-life of ^®Ge it was obtained the 
valu^ 

Ty 2 {^^Ge) > 2.1 • lO^^ y (90%GL). (150) 

Gombinine (11501) with the results of Heidelbere-Moscow [7D] and IGEX EH 
experiments it was found 

T°/ 2 (^®Ge) > 3.0 ■ 10^^ y (90%GL). (151) 

From this bound for the effective Majorana mass it was obtained the following 
bound 

|m; 3 / 3 | < (2-4) • 10"^ eV. (152) 

The value of the effective Majorana mass strongly depend on the character 
of neutrino mass spectrum. Two mass spectra are of the special interest. 

®This result allowed to refute the claim of the observation of the Oj^/3/3-decay of ^®Ge 
made in [69] 
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1. Normal hierarchy of neutrino masses (mi -C m 2 -C m 3 ). 

In this case 

1712 — \J '^3 — \l ^ Am| ~ 8.7 10“^ eV (153) 
and for the effective Majorana mass we hnd 

|m/ 3 / 3 | = I sin^ 012 e^*“y^Am| + sin^ 0i3 y^Ar^| (154) 

where 2a is the relative phase. Using best-£t values of the parameters 
we find 

sin^ 012 ~ 3 ■ 10“^ eV, sin^ 0 i 3 Am^ ~ 1 ■ 10“^ eV (155) 

From (11541) and (11551) we hnd the following upper bound 

Im^^l <4-10-3eV. (156) 

This bound is too small to be reached in the next generation of exper¬ 
iments on the search for 0i//3/9-decay. 

2. Inverted hierarchy of neutrino masses (m 3 -C mi < m 2 ). 

In this case for the neutrino masses we have 

mi ~ m 2 ^ \JAm\, m 3 -C ~ 5 10“^ eV. (157) 

and the effective Majorana mass is equal to 

|"i/ 3 / 3 | = \l Am^(l — sin^ 20 i 2 sin^a)^'^^. (158) 

Thus, we have 

\JAm\ cos 2012 < A Am\. (159) 

From this inequality it follows that in the case of the inverted hierarchy 
of the neutrino masses the value of the effective Majorana mass lies in 
the range 

2 - 10 - 2 < Im^^l <5-10-2eV. (160) 

More detailed calculations (see, for example, [63]) shows that this result 
is valid for the inverted mass spectrum at m 3 < 1 ■ 10“^ eV. 
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The aim of the future experiments on the search for Oi//?/9-decay is to probe 
predicted by the inverted hierarchy of neutrino masses range fllbUp . 

On the search for transitions into sterile neutrinos 


All data of atmospheric, solar, reactor and accelerator neutrino oscillation ex¬ 
periments are perfectly described by three-neutrino mixing with two neutrino 
mass-squared differences Am| ~ 7.5 ■ 10“® eV^ and Am\ ~ 2.4 • 10“® eV^. 
Exist, however, indications in favor of neutrino oscillations with much larger 
neutrino mass-squared difference(s) about 1 eV^. These indications were 
obtained in the following short baseline neutrino experiments. 

1. The LSND [72] and MiniBooNE [731 El] experiments. In the LSND 

experiment neutrinos are produced in decays at rest of tt^'^’s and /i^’s. 
Electron antineutrinos, presumably produced in the transition —)■ i/g, 

were detected. In the MiniBooNE experiment low energy excess of Ug 
( Ug) was observed in the (h^) experiments. 

2. Reactor neutrino experiments. Indications in favor of disappearance of 
the reactor z/g’s were obtained from the new analysis of the data of old 
reactor neutrino experiments na in which recent calculations of the 
reactor neutrino flux [7S1[77| was used. 

3. Radiative source experiments. In the calibration experiments, per¬ 
formed with radiative sources by the GALLEX [TS] and SAGE [72] 
collaborations, a dehcit of z/g’s was observed. 


In order to interpret these data in terms of neutrino oscillations we must 
assume that exist more than three neutrinos with dehnite masses and in 
addition to the flavor z/g, z/^, Ur exist also sterile neutrinos. 

In the case of the simplest 3-1-1 scheme with three light neutrinos and one 
neutrino with mass about 1 eV for short baseline experiments, sensitive to 
large Am^ 4 , from (fTTj) we find the following expression forV^ ^ transition 
probability 




t Z^Q.') |Gq.' 4| )|f7a'4 


2 • 2 
sm 




AE 


(161) 


where Am\^ = m\ — m^. 
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From this expression for Ve appearance probability and Ve Ve 

andV), —disappearance probabilities we have, respectively, the following 
expressions 

P(ul -)■ Ve) = sin^ 2eef, sin^ —yyf-) (162) 

P(v\ = 1 - sin^ 2066 sin^ (^®^) 

and 

= 1 - sin^ 26'^^sin2 

Here 

sin2 20eM = 4|P,4r|flMr, sin'20ee = 4|Pe4r(l-|f/e4r, sin^ 20^^ = 4|P^4p(l-|f/M4r. 

(165) 

The Global analysis of all existing short baseline neutrino data was performed 
recently in [801 El]. These analysis reveal inconsistency (tension) of existing 
short baseline data. The reason for this tension is connected with the fact 
that the amplitudes of the oscillations are constrained by the relation 

sin^ 28e^ ~ ^ sin^ 2066 sin^ 26^^, (166) 

which can be easily obtained from fll65p . if we take into account that |f/e 4 p "C 
1 and |P^ 4 p <C 1. 

Allowed regions of the parameters sin^ 29 and sin^ 26ee, determined by 
Vji andVg ^ Ve data, requires disappearance ofV^ (due to the constraint 

(11661) h However, there are no indications in favor ofV^ —disappearance 
in short baseline experiments [82l |83l l84] . 

Notice that in more complicated neutrino mixing and oscillation schemes 
with hve neutrinos this problem of tension between data still exists. 

Many new neutrino oscillation experiments designed to check existing in¬ 
dications in favor of short baseline neutrino oscillations are proposed or in 
preparation at present (see recent review [85]). Proposed radioactive source 
experiments will be based on existing large detectors: Borexino [HS], Kam- 
LAND [87] , Daya Bay [HSl EH] • Important feature of these new experiments 

is a possibility to study ^ dependence of Vg survival probability. Indica¬ 
tions in favor of the disappearance reactor i/g’s will be checked in several 
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future reactor neutrino experiments [5^ 1201 E] • In these experiments spec¬ 
tral distortion as a function of the distance from reactor core will be studied. 
Anomaly, observed in the LSND experiment, will be investigated in future 
MiniBooNE-l- experiment [92] , in FermiLab experiment on the measurement 
of Ufj, disappearance [93], in ICARUS/NESSiE experiment [OH |95] with two 
LAr detectors. Direct test of the LSND anomaly is planned to be performed 
at the Spallation Neutron Source of the Oak Ridge Laboratory ^OllSZl- There 
exist a proposals to use for the search of sterile neutrinos muon storage ring, 
a source of Ue and (or Ue and r';x)[98]. There is no doubt that in a few years 
the problem of the existence of light sterile neutrinos will be fully clarihed. 

On the bariogenesis through leptogenesis 


Indirect indications in favor of existence of heavy Majorana leptons can be 
obtained from the cosmological data. From existing cosmological data it 
follows that our Universe predominantly consists of matter. For the barion- 
antibarion asymmetry we have 


ns — ub 
rjB = -~ — 


(6.11 ±0.19) ■ 10"^°. 


(167) 


Here n^, ng and are barion, antibarion and photon number densities, 
respectively. 

In the Standard Big Bang scenario initial numbers of barions and an- 
tibarions are equal. The observed barion-antibarion asymmetry have to be 
generated during the evolution of the Universe. A mechanism of the genera¬ 
tion of the barion-antibarion asymmetry must satisfy the following Sakharov 
criteria [99] 


1. The barion number has to be violated at some stage of the evolution. 

2. C and CP must be violated. 

3. Departure from thermal equilibrium must take place. 


The interaction fll32p with complex Yukawa couplings is a source of the CP 
violation. Out of equilibrium CP violating lepton-Higgs decays of heavy Ma¬ 
jorana leptons, produced in the hot, expanding Universe, could create lepton- 
antilepton asymmetry. This asymmetry, due to Standard Model nonpertur- 
bative sphaleron transitions in which B and L are violated, could be con¬ 
verted into barion-antibarion asymmetry (see reviews [lUUl IIUR I1U211103] ). 
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There are many models based on this general scenario of bariogenesis 
through leptogenesis. Existence of heavy Majorana leptons is their common 
feature. 

5 Conclusion 

The Standard Model successfully describes all observed physical phenomena 
in a wide range of energies up to a few hundreds GeV. After the discovery of 
the Higgs boson at LHC the Standard Model was established as a theory of 
physical phenomena at the electroweak scale. We suggest here that neutrinos 
play exceptional role in the Standard Model. Neutrinos apparently are crucial 
in the determination of symmetry properties of the Standard Model. 

The Standard Model is based on 

• The local gauge symmetry. 

• The unification of the weak and electromagnetic interactions. 

• Brout-Englert-Higgs mechanism of the spontaneous breaking of the 
symmetry. 

The Standard Model teaches us that in the framework of these general princi¬ 
ples nature choose the simplest possibilities. The simplest, most economical 
possibility for neutrinos is to be two-component Weyl particles (Landau-Lee- 
Yang-Salam two-component neutrinos). The experiment showed that from 
two possibilities (left-handed or right-handed) nature choose the left-handed 
possibility. 

In order to ensure symmetry, helds of quarks and leptons also must be 
two-component, left-handed and the symmetry group must be non-Abelian. 
This allow to include charged particles and ensure the universality of the 
minimal CC interaction of the fundamental fermions and the gauge helds. 
The simplest possibility is S'17 l( 2) with doublets of the left-handed helds. 

The unihcation of weak and electromagnetic interactions require enlarge¬ 
ment of the symmetry group. The simplest possibility is SUl{2) x Hy(l) 
group. Because the electromagnetic current includes left-handed and right- 
handed helds of the charged particles charged right-handed helds must be SM 
helds (singlets of the SUl{2) group). Electric charges of neutrinos are equal 
to zero. The unihcation of the weak and electromagnetic interactions does 
not requires right-handed neutrino helds. Minimal possibility is that there 
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are no right-handed neutrino fields in the SM. Nonconservation of P and C 
in the weak interaction apparently is connected with that. Because of there 
are no right-handed SM neutrino helds there is no Yukawa interaction which 
can generate neutrino mass term: neutrinos are the only particles which after 
spontaneous breaking of the electroweak symmetry remain two-component 
left-handed. 

With two-component left-handed neutrino helds vn only a beyond the 
Standard Model, lepton number violating Majorana mass term can be built. 
This is the most economical possibility. It is generated by the unique, beyond 
the Standard Model dimension hve Weinberg effective Lagrangian. Due to 
a suppression factor which is a ratio of the electroweak vacuum expectation 
value V and the parameter A, which characterizes the scale of a new lepton 
number violating physics, such approach naturally explains the smallness of 
neutrino masses. 

In the framework of the effective Lagrangian values of neutrino masses, 
mixing angles and CP phases can not be predicted. The same is true for 
leptons and quarks: the Higgs mechanism of the generation of masses and 
mixing of leptons and quarks do not predicts the values of masses, mixing 
angles and CP phase. However, there are three general consequences of this 
mechanism of the neutrino mass generation. 

1. Neutrino with dehnite masses z/j are Majorana particles. 

2. Number of neutrinos with dehnite masses is equal to the number of the 
havor neutrinos (three). 

The neutrino nature (Majorana or Dirac ?) can be inferred from the exper¬ 
iments on the the search for neutrinoless double /3-decay of ^®Ge, ^^®Xe and 
other nuclei. If this process will be observed it will be a proof that neutrinos 
with dehnite masses are Majorana particles, i.e. that neutrino masses have a 
beyond the SM origin. Future experiments will probe inverted neutrino mass 
spectrum region {myg ~ a fewlO“^ eV). In the case of normal mass hierarchy 
the probability of the neutrinoless double /3-decay will be so small that new 
methods of the detection of the process must be developed (see jlU4j ). 

A possibility that the number of the neutrinos with dehnite masses is more 
than three will be tested in future reactor, radioactive source and accelerator 
experiments on the search for sterile neutrinos. 

The ehective Lagrangian, responsible for the Majorana neutrino mass 
term, can be a result of the exchange of virtual heavy Majorana leptons 
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between lepton-Higgs pairs. The CP violating, out of equilibrium decays 
of heavy Majorana leptons in the early Universe could be the origin of the 
barion-antibarion asymmetry of the Universe. 

The value of the parameter A, which characterizes the scale of a new 
lepton-number violating physics, is an open problem. It is natural to assume 
that the Yukawa coupling constant is of the order of one. In this case A ~ 10^® 
GeV. However, much smaller values of A can not be excluded. If A is of the 
order of TeV lepton-number violating decays of Majorana leptons can be 
observed at LHC (see, for example, |105[ 110611107111081 IlOQj L 

The Standard Model teaches us that the simplest possibilities are more 
likely to be correct. Two-component left-handed Weyl neutrinos and absence 
of the right-handed neutrino fields in the Standard Model is the simplest, 
most elegant and most economical possibility. In this case generated by the 
effective, dimension hve Lagrangian (or by the standard seesaw mechanism) 
Majorana mass term (three Majorana neutrinos with dehnite masses, absence 
of sterile neutrinos) is the simplest, most economical possibility. Future ex¬ 
periments will show whether this possibility is realized in nature. 
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Germany (contract Nr. 3.3-3-RUS/1002388), by RFBR Grant N 13-02-01442 
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am thankful to W. Potzel for useful discussions and to the theory group of 
TRIUMF for the hospitality. 
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